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' Application No. 10/070,439 

Reply to Office Action of October 28, 2003 

REMARKS/ARGUMENTS 

Claims 7-24 are active in this application. Support for these claims is found in Claims 
1-6 and the specification as originally filed. No new matter is added by these amendments. 

Applicants thank Examiner McKenzie for the courteous discussion granted to the 
Applicants' undersigned representative on December 17, 2003. During this discussion, 
various proposed amendments to address the rejections in the Office Action were addressed. 
The amendments submitted herein are consistent with that discussion. 

In addition, the enablement rejection was also discussed as it concems the ability of 
the antagonists of PPAR a/y to treat diseases of diabetic ketoacidosis or obesity (referring to 
new Claims 15 and 24). The Examiner pointed to the description in Nuss where agonists are 
known to treat diabetic conditions and therefore agonists, such as those in the present 
application, would not treat the conditions but would make the conditions worse. However, 
the undersigned pointed the Examiner's attention to the discussion on page 5 of the 
application which correlates the expression of the PPAR with the particular disease as 
indicated. The Examiner suggested providing additional information that correlates the 
ability to antagonize PPAR a/y with the conditions being treated. This information is 
attached and discussed below. 

In the first publication of Yamauchiet al ((2001) J. Biol. Chem. 276(44):41245- 
41254), the results concerning PPAR7 deficient mice is described. The data show that 
inhibition of PPARyis effective for treating obesity or diseases such as diabetes (see the 
discussion on page 41253, 3'^'* paragraph). The second attached publication, Yamauchi et al 
(2001) J. Clin. Invest. 108(7):1001-1013, describes that "functional antagonism of 
PPAR7/RXR may be a logical approach to protection against obesity and related diseases 
such as type 2 diabetes." (see the Abstract, last line, page 1001). In this publication, data of 
the pharmaceutical activity of bisphenol A diglycidyl ether (BADGGE), which is a PPAR 7 
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Reply to Office Action of October 28, 2003 

antagonist. The antagonist lowers triglyceride in adipocyte or skeletal muscle, which 
suggests that obesity and type 2 diabetes can be treated accordingly (se page 1005, second 
column: "Bother the RXR antagonist HX531 and the PPAR7 antagonist BADGE exert 
aiitiobesity and antidiabetic effects in part through leptin-dependent pathways." As a result. 
Claims 15 and 24 are enabled by the specification as originally filed. 
Conceming the issues raised in the Office Action: 

(1) The title has been amended as suggested by the Examiner; 

(2) The rejection of Claims 1-4 under 35 U.S.C. § 1 12, second paragraph is obviated 
by the cancellation of Claims 1-4; 

(3) The rejection of Claims 1-4 under 35 U.S.C. § 101 is obviated by the cancellation 
of Claims 1-4; 

(4) The rejection of Claims 5 and 6under 35 U.S.C. § 1 12, second paragraph is 
obviated by the cancellation of Claims 5 and 6; 

(5) The rejection of Claims 5 and 6 under 35 U.S.C. § 1 12, first paragraph is obviated 
by the cancellation of Claims 5 and 6; 

(6) The rejection of Claims 5 under 35 U.S.C. § 102(b) over Nordlie is obviated by 
the cancellation of Claim 5; and 

(7) The rejection of Claims 5 and 6 under 35 U.S.C. § 102(b) based upon publica use 
or sale of the invention is obviated by the cancellation of Claims 5 and 6. 
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Applicants request that allowance of this application. Early notice of this allowance is 

requested. 

Respectfully submitted, 

OBLON, SPIVAK, McCLELLAND, 
MAIER & NEUSTADT, P.C. 




^ ^ 1^ Norman PrOblon 

Customer Number . 

Attorney of Record 

22850 Registration No. 24,618 

Tel: (703) 413-3000 

Fax: (703) 413 -2220 uaniei J . rereira, fn.u. 

Registration No. 45,518 
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PPARy is a ligand-artivated crazi£cripcioxi factor and functioxu as a. heteroditner with a. retinoid X 
receptor (RXR). Supraphysiological activation of PPARyby thiazolidiaediones can reduce insulin 
resistance and hyperglycemia in type 2 diabetes, but these drugs can also cause weight gain- Quite 
unexpectedly, a moderate reduction of PPARy activity observed in heterozygous PPARy-defidcnt mice 
or the Prol2Ala polymorphiim in human PPARYj has been shown to prevent insulin resistance and 
obesity induced by a high-fat diet. In this studyi we investigated whedier functionai antagonism 
toward PPARy/RXR could be used to treat obesity and type 2 diabece*. We $how herein that an RXR 
antagonist and a PPARy antagonist decrease triglyicende (TG) content in white adipose tisfluCj skele- 
tal cxxuscle, and liver. These inhibitors potendated lep tin's ejects and increased fatty acid combus- 
tion and energy dissipation, thereby ameliorating HF diet-induced obesity and insulin resistance. 
Paradoxically, treatment of heterozygou* PPAR-y-deficient mice with an RXR a4itagotiist or a PPARy 
antagonist depletes white adipose tissue and markedly decreases iepcin levels and energy dUsipftdonj 
which increases TG content in skeletal muscle and the hver, thereby leading to the re-emergence of 
insulin resistance. Our data suggested that appropriate functional antagonism of PPARy/RXR may 
be a logical approach to protection against obesity and related diseases such as cyp6 2 diabetes. 

/. ain,hwest. 108:1001-1013 (2001}. DOT: 10. 11 72/^0200 112864w 



Introduction 

PPARy is a ligand-acdvared ctatiscription ^tor and a 
member of the nuclear hormone recepDor superfamily 
that functions as a hecerodimer with a rednoid X recep- 
tor (RXR) (1-5). Agonist-induced Activation of 
PPARy/RXR is known to increase infiulin sensitivity (6, 
7)j and thiazoUdinediones ^rZD)^ which have the abil- 
ity to direcdy bind and activate CPARy (6) and stimu- 
late adipocyte differentiation (2, 3, 8), are used clinically 
to reduce insulin resistance and hyperglycemia in type 
2 diabetesi though these drugs have been associated 
with weight gain (9). UK Prospective Diabetes Study 
has clearly demonstrated that weight gain associated 



with diabetes treatment partially cancels the beneQcial 
effects of tight blood glucose control on cacdtovascu- 
lar evencB and mortality (10). Thus, we sought to iden- 
tify novel therapeutic strategies not only for insulin 
resistance but also obesity. 

We and others have reported that heterozygous. 
PPARy-deficicnt mice are protected from high-fax 
diet-induced {HP diet-induced) or aging-induced 
adipocyte hypcf ctophy, obesity, and insulin resistance 
(11, 12). Consistent with this, the Pro! 2Ala polymor- 
phism in human PPARy2, which moderately reduces 
the transcriptional activity of PPARy, has been shown 
to confer resistance to type 2 diabetes (13-iS). These 
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findxnga raise che following important unresolved 
issues, Firfit, ic remains co be ascercaincd whether ftmc- 
donal ancagonism oEPPARy/RXR, eg., adraitwcering 
an RXR antagonise or a PPASLy antagonist, could 
indeed serve as an efFecdve weatment strategy for obe- 
sity and type 2 diabetes. Second, che mechanism by 
which reduced PPARy/RXR activity improves insulin 
i-eaifitance is unclear. Third, whether further reducdon 
of PPARy/^^R activity is associated with further 
improvement of insulin resistance, remains to be clar- 
ified. To address these issues, we employed pharmaco- 
logical inhibitors of PPARy/RXR, a PPARy antagonist, 
and an RXR antagonist, in both wild-type and hec- 
erosiygous PPARy-deBcienc mice 

Bisphenol A diglycidyl ether (BADGE) has been 
reported to act as a relatively selective antagonist for 
PPARy (16). In fact, the inhibition of PPARY transcrip- 
tional activity by BADGE was approximately 70%, 
whereas PPAR8 was inhibited by approximately 23% 
and PPARa was noc inhibited. In addition, BADGE was 
ineffective in attenuating glucocotdcoid receptor- 
mediaced rranscriptional activation; however, an 
inhibitory effect of BADGE (-30%) on ligand-induced 
activation of RXRa was observed. We have recently 
identified a synchedc RXR antagonist, HXS31 (17), and 
herein show HXS31 to be a potential PPARy/RXR 
inhibitor in an in vxcro transactivadon assay and to pre- 
vent triglyceride (TG) accumulation in 3T3L1 
adipocytes. We also show that administration of the 
RXR antagonise HXS31 or the PPARy antagonist 
BADGE to mice on a HF diet decreases TG concent in 
white adipose tissue (WAT), skeletal musde, and the 
liver due to increased leptin efFcccs and increased farcy 
acid combusdon and energy dissipation, thereby ame- 
liorating HF diec-induced obesity and insulin resist- 
ance, in proportion co their potencies as PPARy/RXR 
inhibitors in vitro. Paradoxically, treatment of het- 
erozygous PPARy-deficiBnc mice with the RXR antago- 
nist or the PPARy antagonist depletes WAT and 
markedly decreases leptin levels and energy dissipadon, 
which increases the TG content of skeletal muscle and 
che Uver, thereby causing «-emergence of insulin resist- 
ance. Our data suggest that appropriate functional 
antagonbm of PPAR-y/RXR may be a logical approach 
to protection agalnsc obesity and related diseases such 
as type 2 diabetes. 

Methods 

Cbemicals. HX531 (17), rosiglitaaooa, LG100268 (7), and 
BADGE (16) were synchesizcd as described elsewhere 
We measured the plasma concencradons ofHX531 and 
BADGE by HPLC (HX53 1) (17) and gaa chromatogra- 
phy (BADGE) (16) in C57 mice orally administered 100 
mg/kg of HX531 or 3 g/Ug of BADGE. The maximal 
concentration (C(„m), the dm£ required until maximal 
concentration (TcnwO, the area under the plasma con- 
. centtadon time curve (AUC), and che elimination half- 
life {ti/2) for HXS31 were 4.1 ^ig/ml, l.S hours, 19.3 \xg 
h/mU and 1.9 hours, respectively. The Cmwi AUG, 



and ri/2 for BADGE were 0.4S ^g/ml, 9 hours. 8,2 ng ■ 
h/ml, and 6.4 hoars, respectively. Thus, it is reasonable 
CO assume that PPARy and RXR in animal tissues are 
exposed co concencradons of compounds essentially 
comparable to those in in vitro cell culcuce otpeciments. 
Wy-14,643 was purchased from Biotnol Research Labo- 
ratories (Plymouth Meeting, Pennsylvania, USA). T3, 
3-isobutyl-i-mechylxanchine, and insuiin were from 
Sigma Chemical Co, (St. Louis, Missbuti, USA) la. 
Z5-dihydroxy-vicamin D3 was from Calbiochem-Nov* 
abiochcm Corp. (San Diego, California, USA) Dexam- 
ethasone was purchased from Wako Pure Chemical 
Industries Led. (Osaka, Japan). All other materials were 
from che sources given in refe. 8, 1 1. 17, and 18. 

Animals, in uivo glncost h^eostasiSj assay tf endogenous 
serum Uptin concentmtUms, leptin sensititntyy and Oa con- 
sumption. Heterozygous PPARy-deficienC mice have 
been described previously (11), All other animals were 
purchased from Nippon CREA Co. Ltd. {Shizuoka, 
Japan) Six-week-old mice wete fed powdered chow 
according co methods described previously (IX). 
HX531, BADGE, LG100268. or Wy-14,643 was given as 
a 0.1%. 3%. 002%, or 0.01% food adznixciue, respective- 
ly, or an indicated percentage (8, 11), and no toxicity, 
sxich as liver damage, was observed. Insulin tolerance 
tests were carried out according to a method described 
previously (11), with slight modification. Leptin was 
assayed widi the ELISA-based QuandWne M mouse 
leptin immunoassay kit (RfltD Systems Inc., Min- 
neapolis, Mixmesota, USA) according to the manufac- 
turer's instructions. For lepdn sensidvicy (11), lepun 
Sigma Chemical Co., St, Louis, Missouri, USA) was 
administered to mice after treatment wich HXS31 for 
10 days as a daily Intraperitoneal injection of 10 Hg/g 
body weight/day. Isotonic sodium chloride solution 
was administered to che concrols. Food intake and 
body weighc were measured co assess the effects of lep- 
tin administration. Oxygen consumption was deter- 
mined as described previously (18). The animal care 
and procedures were approved by the Animal Care 
Commiccee of the University of Tokyo. 

Insulin resistance index. The insulin resistance index was 
calculated from the product of the area of glucose and 
insulin multiplied by 10*^ as dj&scribed Ir* ref. 7. Ths zxzas 
of glucose and insulin curves were calculated by multi- 
plying the cumulative mean height of the glucose values 
(1 mgml*^ « 1 cm) andinsiiUn ^^ues (1 ngml*^ = i cm), 
respectively, by cime (60 min = 1 cm). The results are 
expressed as the percentage of the value of each controL 
Histological anafysis of adipose and hepatic tissues and de ter- 
mination of adipocyte size. Adipose tissue was removed 
from each aniirud and faxed in 10% formaldehyde/PBS 
and maintained ac 4 " C until use. Fixed specimens were 
dehydrated, tmbeddcd in tissue-freezing medium (Tis- 
sue-Tek OCT compound; MQes Inc., Elkhart, Indiana, 
USA) and frozen in dry ice and acetone. WAT was cut 
into 10-M4n sections, and the sections were mounted on 
silanircd slides. The adipose tissue was stained iMth 
hemaCo>9'lin and eosin (H6tB). Mature white adipocytes 
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The RXR ancagonisc HX531 serves as a fijnctlonal PPAfty/RXft Inhibitor (a and c).TransacDvaDon analysis of PPAR7/RXR (a), PPARo/RXR (c). 
CV-1 cells were cocr^njfected with RXRot with an expression vecMr for PPAR^or PPARft. PPARY/RXRor PPARtVRXRaccjvi^wai assessed on a 
PPRE-d< LUC (24) as d^^cribed previa usiyr (22, 23). CV*1 cells were rreaced wich dhe indicated concenDradons orroslgllca2one(Ro5i). ljCl0026d 
(LG), 1 5-deoxy-A'2«^^ prostaglandin J3 (1 Sd-Pqj2)» Wy^l 4,643 (VSiV), BADGE, and HX531 . 9-ci*-recinojc acid (b) 3T3U adipocyte djflfef^npacion 
assay. Oil red O staining for fat accumulation in cells ac day 6 after Induction, Celb were grown co confluence and then induced to dlfferendate 
by exposure to 1 00 nM nssiglicaaone, 1 LjGI CQ268, or 1 0 |xM or byconventbnal hormdnalsdmuli (MDl; a cambinacion of3-60bucyl- 

l-merfiybanthinc, dexame*afionc,and insulin), (d) Amouncs of the mRNAs of liver-type feuy acid-binding procein (UFABP), HO, and long-chain 
acyi-CoA dehydrogenase (UCAD) in rac hepacomi FAO cells orated with the indicated concentradons oFN^14,643 and HX531 for 24 hours. 
Each bar rapresencs die mean ± 5E (n » 5-1 0). *P « 0.05. < 0.01 winh versus widiouc HXS31 or BADGE. NS, no signifwanc difference. 



were idenrificd by thcic chaiacceristic nnulrilocular 
appearance. Tocal adipocyte areas were traced manoal* 
iy and analyzed with Win ROOF software (Micani Co. 
Ltd.j Chiba, Japan). White adipocyte areas were meas- 
ured in 400 or more cells per nnouse in each ^oup 
according co methods pr«vioujty described (6, 11). 

RNA prepamhth Northern bhtanatysis, SNtue protection 
0ss{^, pbosphati^inositol 3-kinase dssayj immunopredpita- 
turn, and immunoblotting, Tocal RNA was prepared from 
cells or tissues with TRIzol (Invitrogen Corp.^ Carlsbad., 
California, OSA), according co the manufacturer's 
instrviceions. Tocal RNA from 5-10 mice in each group 
was poolecL^ and aliquoci were subjected to Norrhem 
blot analysis with the probes Cot rac acyl-CoA oxidase 
(ACO) (a gift of T. Hashimoto), mouse CD36, uncou- 
pling protein 2 (UCP2), PPARa, or resiscin cDNA, or 
RNase procecdon assay was performed, using a stan- 
dard protocol, to measure mRNAs ofTHP-a (8, 11, 19). 
The radioactivity in eaxJi band was quaiicifled, and che 
fold change in each mRNA was calculated after correC- 
cion for loading differences by measuring the amount 
of 28S rRNA. Very low levels 10%) of aP2 mRNA were 
detected in muscle as compared wlch chose in WAT (20). 



In contrast, at least comparable levels of CD36, SREBPl, 
SCDl, ACO, and UCP2 mRNAs were detected in mus- 
cle compared with those in WAT. These data suggest 
that che r&sulcs of muscle tissue essentially represent 
chose of muscle cells, despite the muscle being contam- 
inated with a small amount 10%) of incermyocyte fat. 
The procedures used for phosphaddylinositol 3-kinase 
(FX ^'kinase) as^y, immunoprecipitationj and im- 
munoblocting were described previously (21). Repre- 
sentative data from one of three independent experi- 
ments are shown. 

culture trofisfisction, transaaiuation assays, and induction 
ofadipoc^ ^ffhwiadon, CV-1 and 3T3L1 cells were cul- 
tured in DMEM with 10% PCS, and cransfection and 
induction of adipogenic difi&rendadon were carried ouc 
according CO mechods described previously (il, 22, 23). 
Hecerodimers were formed by cocransCeccing RXRoe widi 
an expression vector for PPARyPPARo, PPAR4TR.RAR, 
or VDR. PPARy/RXR, or PPARa/RXR, or PPARS/RXR 
acrivlcy was assessed on a ACO PPRE-ck LUC (24), and 
RXR/TR, RXR/RAR, or RXR/VDR activity was tested 
respectively on DR-A, S-ck LUC, and DR-3-ck-CAT, aS 
described pi-eviousLy (22, 23). 
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Plasma tnaufin Figure 2 

_ uit i Bodi rhe RXR ancagonlse HX531 and the PPARy 

anugonifit BAOGE exerc antiobesity and anqdia- 
betle aFFacts In proportion to dicir potencies at 
PPARt/RXR Inhibicors In vicro (ft-d). Body walghe 
fkacing blood glucofe (b), f^dng plasmg 
insulin and insulin rokrancft eesr (d) of KKAy 
oiicB uncreated or treated wIcH HX531 (♦HXS31 V 
or BADGE (-hBADCE) for 2 weeks whiJe on the HP 
diet or die HC diec. HXS31 or BADGE wa« given ai 
an indicated percentage of food admixture. The 
same amounts of food were given to the pair-fed 
group as CQ mice created with HXSai^ given as a 
0.796 food admixture. Each bar represents the 
mean ± SE (n = S-10). •P < 0.05, •»P < O.Ol with 
versus widiout HX531 or BADGE. 



'AM/ li 



Insulin toJeranoe test 




0 20 40 00 80 100 IM 

min 



Leptin treatment Lepcin crcactnent wa^ performed 
described previously (25). An Alzec micro-osmotic 
pamp (model 1002, Alza Corp.j Palo Alro, California, 
USA) was insetted 6ubcutaneously into the back of 
each mouse. The pumps delivered 0 or 5 (low doies) 
or 50 )ig (high dose} of mouse recombinant leptin 
(Sigma Chemical Co.) per day for 12 days in a tot$X 
volume of 0.1 mi PBS. 

Lipid metaboUsm, LWtt and muscle homogenaces were 
extracted, and their TG and fatty acyl-CoA (FA-CoA) 
content \vere determined as described previously {21^ 
26), with some modiflcacions. 

Results 

HXS31 serv^ as a PPARy/RXR inhibitor. Because PPARy 
functions as a heterodimcr with RXR (1, 3, S), wc used 
a cocransfecdon reporter assay to screen compounds 
for responsiveaess via che peroxisome . proliferaror 



Thblel 

Effects of HXS31 on other RXR partners in vicro and in vivo 



response clement (PPRE) aixd identified HXS31 (17) as 
a PPARy/RXR Inhibitor (Figure la). In che presence of 
PPARy agonists such as rosiglitazone (6) or IS-dcoxy- 
A^2,i4 prostaglandin Ji (27, 28), RXR agonises such as 
LG100268 (7), or S*cis rctinoic acid (29, 30), or both, 
HXS31 functioned as a partial inhibitor and produced 
a concentration-dependent decrease in transactivadon 
by way of PPRE (24) (Figure la). We next analysed the 
effects of HX531 on 3T3L1 adipocyte differentiation 
and found HX531 to be capable of inhibiting adipocyte 
difEerentiation in 3T3L1 cells induced by rosiglitazone, 
LG100268» or both, as well as by conventional hor- 
monal sdmuli (a combination of insulin, dexametha- 
sonc, and S-isobutjd-l-me thy Ixan chine) (Figure lb). 

By contrast, HX531 had no apparent effect on 
PPARflt/RXR (1, 4) agonist-induced transactivadon 
(Figure Ic) or on the expression of molecules induced ' 
by the PPARjtt agonist (18, 19, 22, 3 1, 32) Wy-14,643 in 
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In VIVO 



PPAR3 cranjactlvacion (%) 

RAft cransacdvacion (96) 

TR transacclvaciort {%) 

VOR cransacdvadon {%) 

RAR. peripheral blood leulcocyccs (96) 

TR serum TSH ievds(ng/rril) 

serum fT3 levels (pg/ml) 
serum fT4 leveis (n£/dl) 



1Q0±9 
100± 13 
10Q ±9 
100*11 
58.3 ±11.1 
3.85 ± 0.30 
2.74*0.34 
1.87 ±0.24 



93 ±7 
87± 1? 
96 ±8 
106 ± 12 
49.0 ±4.2 
3.34 0.93 
2.69 ± 0.32 
1.74 ±0.21 



NS 
NS 
NS 
NS 
NS 
NS 
NS 
N$ 



TransactTvadon analysia of PPARfl/RXR. RAft/RXR. TR/RXR, And VOR/RXR in wxzro. CV-1 cells were crftatad with 100 nM orearbaprosracyclin. T3. aU tranj 
retinoic acid (atRA). Of 1o. ZS-dihydrdJcy-vlcamin 03 (VOj) with or wicheuc 1 ^iM of HX531. The results ara expreiied u lh« pereenraffe oreh€ value of 
^S*!^*^ ffl^^rJ'S.''".^ ^^^'''Z. P^":«""^8" psripheral blgod leukocytes and s«i^in TSM, (reeTl, and fr««T4 Isvsls of KICAv mice uncrcascd or irMt- 
^rjriViT ' t "^'^ ^^^"^^^ "^53^ **** eiv«n M a 0.1% food ftdmixiura. Values are mean * SS (« ^ 5-10). NS, no sienlFi- 

cant difference, wichvenuawithoucHX53l. \ / • 
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Figured 

Both die RXR antagonrst HXS31 and the PPARy ancagontsc BAOC^ 
ejiert anciobe^ity ^nd ancidiabetie tfftctt in parr Ehrough leptin- 
dflpendent pathways (a and b). Rectal temptr&njft (a) and oxygen 
consumption (b) of KKAy mice uncreated or created with HXS31 
(+H)C531 ) far 2 weeks whik gn the HP diet or the HC diac. Scrum !cp- 
cin icvel* of C57 (c) or KKAy mice (d) untreated or treaccd With 
HK531. BADGE (-^ BADGE), or LG 100268 (+LG) for 2 weeks while 
Qf\ the HF diecThe left sides oFtha arrows are befbre«creacmenc (c) 
^nd after 1 -week ireacm ant (d) levels, (e) Uptin procain levels In the 
medium of 3T3L1 adipocytes treated with 10 y.M HX531, 1 ^lM 
LGI 00268, or 100 nM rosiglicaione (Rosi) for 24 hours, (f) Effecu 
of inp-apericoneal leptin adminlscraden In unereaced C57 mice or 
C57 mice created with 1-1X531 for 10 days while on che HFdiec. 
Croups of untreated mice or nnlce treated with HX531 received an 
friTapericoneal injection of ddier lepcin (10 li^g/d) or isotonic 
sodium ch/oride eolunon (-). Food intake/ 12 h (left) and weighc 
changes/ 1 3 h (right) were measured, and h) WAT weight (g) and 
insulin ruis^nce index (7) (h) of CS7 and dh/db mice untreated or 
created with HX531 or BADGE for 2 weeks while on ^eHF diet. The 
results are expressed as the percentage of che value of untreated mice 
on the HF diet (g and h). Each bar represents the mean 1 SE 
(n « S-10). •P < 0.05, ••P « 0.01 , CS7 versus eJb/dh of linoreaccd ver- 
sus treated with hlXSSl, BADGE, Resi| LG, or lepcin. 



che hepacoma cell Une Fao (Figure Id and data not 
shown). It also had minimal effects on other RXR part- 
ners (S3), e.g., PPAR5, thyroid hormone receptor (TR)^ 
rednoic acid receptor (RAR), and vitamin D receptor 
(VDR) Ln vicro and In vivo, including 5crum chyroid- 
sumulacing hormone (TSH), free T3, and free T4 levels, 
the number of peripheral blood leukocytes, bone mar- 
row blasts^ osceoclasts, or osteoblasts, or the amount of 
osteoid in vivo (Tahle 1 and data not shown). These 
findings suggest chat HX531 serves as a PPARy/RXR 
inhibitor. As reported previously (16), BADGE acted as 
a relatively selective antagonise for PPAR7 (Figure la), 
buc did not inhibit PPARa {Figure Ic). However, a 100- 
fold higher doM of BADGE was required to show a sim- 
ilar potency of antagonisdc activity in the cransacciva- 
cion assay specific to PPAR7/RXR (Figure la). 

Boa>d)eRXRantaff3nistHX531 and the PPARy antagonist 
BADGE exert anticbetiey and antidiahetic effects in propor- 
tion to potencies as PPAR'ffRXR inhibitors in vitro. We 
invescigated che effects of che RXR antagonist HX53I 
and the PPARy antagonist BADGB on body weight, 
gl-ucose, and insulin concentxaiions in KKAy mice (34) 
on both a HF and a high-carbohydrate (HC) diet. 
Untreated KKAy mice on the HP diet gained signifi- 
candy more weight than the itUce on che HC diet (Fig- 
ure 2a), In contrast, tteacmenc with HX53 1 or BADGE 
prevented a time-dependent inc:tease in weight on che 
HF diet (Figure 2a). Treatment with the lOCR antago- 
nist or che PPARy antagonist also prevented HF 
diec-induced hyperglycemia (Figure 2b) and hyperin- 
sulinemia (Figure 2c). On the HF diet, che glucose-low- 
ering effect of insiilin was greater in mice treated with 
HX531 Chan in uncreated mice (Figute 2d). These find- 
ings indicate that che RXR antagonist and che PPAR7 
antagonist have potential as anciobesicy and ancidia- 
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betic drugs. Moreover, the potencies of HX531 and 
BADGE as anciobesicy and antidiabetic drugs (Figure 
2, a-c) appeared to be essentially propordonal to their 
potencies as PPAR7/RXR inhibitors in vicro (Pigxire la). 

Bod) the RXR antaffmistHXSSl and the PPARyantagpnist 
BADCE exert antiobesity and antidiabetxc effects in part ihrou^ 
leptin-dependentpadswa^s. Food intake was sli^dy, diough 
not si^iificandy, lower in mice treated with the RXR 
antagonise HXS31 and d^e PPAR7 antagonist BADGE on 
the HF diet (Figure 3f, left, lanes 1 and 3 and data not 
shown). The observations that mice treated with HX53 1 
were protected from HF diet-induced obesiTy (Figure 2a) 
and ^f^'i^'" reaiscance (Figure 2, b and cX even when coni- 
pared with pai>fed controls, may indicate that HX531 
increased enex^ expenditure. Indieed, rectal temperature 
was signiHcancly higher (Figure 3a) and oxygen con- 
sumption was significantly incr ea s ed in mice created with 
HX531 (Figure 3b). We next invesdgaced whether lepdn 
(35) mi^ account for these phenocypes in mice creaced 
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Figure 4 

Boch the RXft ancagQnt'sc HX53 1 and che PPARy anCagonlK 8ADCE reduce expreMions of rhc molecules Involved In fitty influx and lipo- 
genesis and increase expresslorx pf P3-AR in WAT. (a) Ampuncs of che mRNAs oF?AT/C036, SREflPI, aivd PS-AR in WAT (a) of KKAy micft. 
(b and c) WAT mass (b), histological analysis (cop), and cell size distribution (bottom) (c) ofvpididymal WAT from KKAy mice, (d-i) $en>m 
FFA leveb (d), TNF-a mRNA levels (e). »nd rewstin mRNA levels in WAT (f) of KKAy mice, uncreAced (HF), Created wth HX531 (HF + HXS31 ), 
or with BADGE (HF BADGE) for 2 weeks while on the HFdTet. HX531 or BADGE wa&^iven as a 0.1% or3% food admUctire, respectively. 
Each bar represents the mean * SE (/?- 5-10). 0,05, ••P<0.01, HFvtrtua HF + HX531 or HF+ BADGE. 



with chc PPARy/RXR inhibiror. The serum leprin levels 
normalized by body u/tight in both normal wild-type 
(C57) and KKAy mice crcaccd wich che RXR antagonise 
HX531 or che PPARy an cagonisc BADGE were higher 
than those of untreated mice (Figure 3, c and d). Expres- 
sion and secretion ofleptin iniro che nfiedium by HX531- 
created 3T3L1 adipocytes were also significantly higher 
than chose by uncrcwed Cells in vicro (Figure 3< and data 
noc shown), suggesting that the increase in serum lepcin 
levels may be due to HX53 X-itlduced derepression oflep- 
tin gene cranscripcion by PPARy/RXR (36). 

Moreover, lepdn sensitivity as assessed by reducdons 
in food intake and body weight in response co cxogc- 
nously administered lepdn \vas signiTicancIy increased 
in wild-cype mice created with HX531 (Figure 3f), even 
when compared with pair-fed controb (data not 
shown), raising che possibility that increased leprin 
effcccs may contribute to the effects of PPARy/RXR 
inhibitors. In wild-cype mice, HXS31 or BADGE largely 
prevented HF diet-induced obesity and insulin rencc- . 
ance (Figure 3, g and h, lefc). In contrast, the andobeai- 
ty and anridlabedc eflfeccs of che RXR antagonist or che 
PPARy antagonist were pat dally attenuated in db/dh 
mice rsS), which are lepdn receptor deficient (Figure 3, 
^ -ind li. right). These findings suggest that the RXR 
^ncaj;oni.sc And ihe PPARy antagonist exerted their 
-Tntiobosity ,in^ AP.tid liberie effects through both lep- 
rin-wioportdonr and uidcpendenc pathways. 



the RXR antagcmixtHX$3l and the PPARyantagpnist 
BADGE decrease molscnUs involved in faxty add influx into 
WAT by direct antag&nism cfPPARyfBXR and concomitant' 
fy decrease Upogenic enzymes and increase PS-AR via leptin 
effects. In WAT, where PPARy is expressed most pre- 
dominantly, treatment with the RXR antagonist 
HXS31 or the PPARy antagonist BADGE reduced the 
expression of fatty acid translocase/CD3^ (rAT/CD36) 
(ref. 37; Figure 4a), che promoter of which contains 
PPRE, indicating that HX531 and BADGE did indeed 
function as inhibitors of PPARy/RXR in vivo. In WAT 
from mice created with HX531 or BADGE, reduced 
expressions of Upogenic zDzyva^ such as sterol regu- 
latory element-binding protein 1 (SREBPl) (Figure 
4a)» stearoyl-CoA desaicurase 1 (SCDl) (data not 
shown), and increased expression of P3-adrenergic 
receptor (|33- AR) (Figure 4a) were also observed in pro- 
portion CO their increased lepdn effects (Figure 3c and 
see Figure 7c) (38) and decreased PPARy/RXR effects 
(Figure lb) (39). These alterations of gene expression 
may in concert prevent adipocyte hypertrophy (Figure 
4c) and reduce WAT mass (Figure 4b), and thereby obe- 
sity, on the HF diet These data suggest chat che RXR 
antagonist and the PPARy antagonist prevented 
adipocyte hypertrophy, which ulrimately alleviated 
insulin resistance via diminurion of free fatty acids 
(FFA) (Figure 4d), TNP-a (Figure 4e) (40) and rcsiscin 
(Figure 4f) (41), ac least in part. 
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Boch HX531 and BADGE decrease molecules involved in 
fatty dcid influx into muscle by direct antagonism of 
PPARyfBXM^ and decrease Upogenk enzymes and increase 
^(tty acid combustion and ener^ dissipation. In skeletal mus- 
cle in which PPARy was relatively abundandy expressed, 
:he RXR ajDca-gonisc HXS31 or the PPARy antagonise 
BADGE also reduced expres*ion o£FAT/CD36 (Figure 
Sg). In addidon, HX531 orBADG£ decreased expres* 
s(ons of lipogeuic enzymes such as 5REBP1 (daca nor 
shown) and SCX> 1 (Figure Sa) and increased esfpressions 
of molecules involved in fktcy acid combustion such as 
AGO, and energy dissipanon, such as UCP2 (Figure 5a)> 
In proportion Co cKeir increased lepdn effects (Figure 3c 
and see Figure 7c) (38. 42) and decreased PPARy/RXR 
sfFeccs (Figure lb). These alterations of gene expression 
b/HX531 or BADG£ appeared CO reduce long^chain 
FA-CcA (Figure 5b) and TO content in muscle (Figure 
5c)j thereby improving insulin signal cransducdon (43), 
as demonscraied by increases in insulin-induced cyf o- 
sine phosphoryladoa of the insulin receptor (IR), 
insulin receptor substrate 1 (IRS-1) and IRS-2, and 
iiisulin-stimulated PI 3-kinafie accivicy in phosphotyro- 
sine (FY), and lRS-1 and IRS-2 immunoprecipieates of 
skelecaJ musde (Figure 5d). 

Both the RXR antagonist HXS31 and the PPARyantagonist 
BADGE increase molectdes involved in Jat^ acid combustion 
and energy dissipation via leptin and PPARa pathways in the 
liver and hroum adipose tissue. In conrra^c^ expression of 
FAT/CD36 was markedly increased in the livers of mice 
created with the RXR antagonist HX531 or the PPARy 
antagonist BADGE (Figure 6, a and b), where PPARa 
was predominandy expressed. Moreoveri expression of 



enzymes involved in P-oxidacion, such as peroxisomal 
cnoyl-CoA hydratase/3-hydroxyacyl-CoA dehydroge- 
nase (HD), AGO, and UCP2 were markedly increased in 
mice created with HXS31 or BADGE (Figure 6, a andb). 
These daca strongly suggest PPARcx padiways to be acti- 
vated in the liver treaced with che RXR antagonist or che 
PPARy antagonist) since these effects were recapitulat- 
ed by Wy-14.643. a PPARa agonist (Figure 6a) (18, 19, 
22, 3 1). This HX531- or BADGB-induced acdvation of 
PPARa pathways presumably occurred via moderate 
funcdonal antagonism of PPARy/RXR, since PPARy 
heterozygous deficiency also acdvated PPARa pathways 
(see Figure 8a, lerie 4). Activation of PPARa padiways by 
HX53 1 or BADGE was pardaily abrogated in db/db mice 
(Figure 6a), suggesting that the RXR antagonist attd. Che 
PPARy ancagonlst exerted these effects, in part, through 
lepcin signaling pathways (1, 42), Moreover, expressions 
of lipogenic enzymes such as SREBPl (Figure 6b) and 
SCD 1 (data not shown) were rnarkedly reduced^ possi* 
bly as a consequence of increased lepdn levels (Flgute 3c 
and Figure 7c) (38, 42). 

Marked elevadons of ensymes involved in p-oxidadon 
and UCP2, a^ well as this reducdon of lipogenic enzymes 
(Figure 6, a and b), appeared to sigaificandy reduce liver 
weight (daca not shown) and FA-CoA concent (Figure 6c) 
and CO ameliorare severe facty liver (Figure 6d) (25, 34) in 
wild-type mice treated with HXS31 or BADGE while on 
che HF diec. The reduction of FA-CoA and amelioration 
of fatty liver by HX531 were associated with increased 
expression of glucokinase (GEQ, decreased expression of 
enzymes involved in gluconeogenesis, such as phospho- 
enolpyruvate carboxykinase (PEPCK) and ^ucose-6- 
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figures 

The RXR ancagom'st HX531 and che PPARyantagoniit BAOG6 bcuh dccrwe maleculas involved in feny add Influx and lipogenciis and increase 
molecules Involved in energy consumption in skeletal muscle, (a) Amounts oFFAT/CD36, SCD1 , AGO, and UCP2 In skeletal muscles (a) of KKAy 
.TYice. (b-d) PA-CoA (b) andTC (c) content and expression and insulin-induced tyrosine phosphor/tan on oflR, IRS*! and *2, and insultn-sdmu- 
iated P! 3-kinase activity (d) in Ekeletal muscles of KKAy mice, untreated (HF) or treated with HX531 (HF + HX531) orwith OAOGE (HF+ BADGE) 
for 2 weeks while on the HFdietr. (fa and <) Tissue homogenstes were exo-acced, and chelrTC and FA-CoA concent was determined as described 
previously (21, 26), with some modificacions. (d) Mice were sdmularad wich or wichout 1 Ug-' body weight of insulin for 2 minute*. Lysaces were 
immunoprcclplcaced (IP) with che Ab'j indicated, followed by immunobloccing wich the Ab*a indicated or kinase assay fbr PI. Labeled PI (PIP) was 
Subjected i» chin-layer chromatography and autorudiography a£ described previously (21 ). KXS31 or BADGE was given as a 0.1% or 39i food 
admixture, lespecdvely. Each bar representt the meah 1 5E (a - 5-1 Q). ''P < 0.05. < 0.01, HF versus HF * HX531 or HF BADGE. 
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The RXft antagonist HX531 And the PPARY antagonise BADGE bpth 
increase molecules Involved in foc^add combusdon and tnerg/ dissi- 
pation via fepdn and PRARa pathways in che liver arid BAT (a. b, f). 
Amounts of che mRNA< of PAT/C036. SREBP1, l-fD (peroxisomal 
enoyl-CoA hydraUse/3-h^rexyacyl«CoA dehydrogena^^), ACQ, 
UCP2, and P3-AR in livers from C57 and ctb/db mice (a)j in fivers from 
KKAy mice (b), in BAT from KKAy mice (f), and glucokinase. PEPCK, 
and O^Pase In livers from KKAy mice (c). (c, d. g) Hepatic FA-CoA 
content (e), hepatic TG content (ail red O staining) (d), size of brown 
adipocytes from KKAy mfca (g), untreated (HF) orircatftd with HX531 
(HF * HXS31 ), Wy.14.643 (HF Wy). or BADGE <HF ♦ BADGE) for 
2 weeks while on che HFdiec. KX531, or Wy- 14,6*3, or BADGE was 
given as a 0.1%, 0.01 or 3% Food admrxcure, respectively. Each bar 
represcncs che mean 1 5E (n « 5-1 0). *P < 0.05, ♦♦P « 0.01 , HF versus 
HF + HX531 or HF + BADGE. 



phosphatase (G6Pasc) (Figure 6c), and increased ^yco- 
^Mi concenc (34) (data not shown), indicating increased 
uisulin acriona in the Uvcr (43). 

Tn b:'C«vvn adipose tissue (BAT), where PPARa was rd- 
icis'cK- .liHindindy expressed compared with WAT, 



e;<pression of FAT/CD36 was increased by cteatmer. 
with che RXR antagonist HXS3 1 (Figure 6f) in con tras • 
CO WAT (Figure 4a). HXS3 1 or BADGE also inci-easL- r 
expression of ACO, which is primarily involved in ch • 
regulation of P-oxidacion in BAT, and p3-AR (Figur • 
6f), The increased expressions of CD36 and ACO b\' eh. 
RXR ancagooisc ot the PPARy ancagomsc appe wd Ck- 
be caused by activation of FPARa pathways (19, 22, 42 
similar to chose in the liver. On che other hand, the 
increased expression of 33-AR appeared co be a direct 
effect of Increased leptin signaling (Figure 3c and Fig4 
ure 7c) (38) and decreased PPARy/RXR eflfects (Figure 
lb and Figure 4a) (39). Increases in the expression of 
these molecules in concert may provide the mechanism 
whereby BAT mass and brown adipocyte hypertrophy 
were reduced (Figure 6g) in mice treated with HX531 
or BADGE while on the HF diet- This is consistent with 
increased energy expenditure and protection against 
adipocyte hypertrophy by RXR antagonist or PPAR7 
antagonist treatment. 

lyeatment of heteroicygC^S PPARy^fident mica with an 
RXR antagonist cr a PPARyantagamst rtSHits in re-emer^ptco 
ofhypet^cmia and msUUn resistant associated with lipoat- 
raphy. To investigate the efifects of the RXR antagonist or 
the PPARy antagonist on mice with moderately reduced 
PPARy activity, we studied the phenorypes ofHX531- or 
BADGE- treated heterozygous PPARY-deficient mice as 
compared with those of untreated wild-type, HX53 or 
BADGE-ereaced wild-type mice on the HP diet. Moder- 
ately reduced expression of CD36 in WAT was observed 
in wild-type mice created with BADGE or HX53 1 (-40 or 
70%, respectively) (Figure 7a, lanes 2 and 3), suggesting 
the possibiliiy chat PPAR7/RXR acdvity may be moder- 
ately decreased in wild-type mice created with BADGE or 
HX531. Treatment of heterozygous PPARv-deficient 
mice with BADGE or HX531 resulted in further 
decreased expression of CD36 in WAT (Figure 7a, lanes 
4 and S)^ raising che possibility chat PPAR7/RXR acdvi- 
^ be severely decreased in heterozygous PPAft^defi- 
cienr mice created with BADGE or I^QC531. WUd-cype 
mice creaced with BADGE or HXS31 were protected 
from HF diet-induced increases in WAT mass (Figure 
7b, lanes Z and 3). Adminiscradon of BADGE or HX531 
CO heterozygous PPARY<leficienc mice fbr 4 weeks result- 
ed in dissppcarance of visible WAT, le., Upoacrophy (Fig- 
ure 7b, lanes S and 6) (25, 44, 45). 

Wild-typc mice created with BADGE or HXS31 
showed higher scrum leptin levels than untreated wild- 
type mice on the HF diet (Figure 7c, lanes 1-3), pre- 
sumably due to decreased PPARY/RXR-mediaced sup- 
pression of leptin gene transcripdon (36). The serum 
leptin levels of heterozygous PPARy-deficiem mice 
treated with BADGE or HX531 were, however, marked- 
ly reduced (Figure 7c, lanes S and 6) as a result of WAT 
depletion (Figure 7b, lanes 5 and 6) (19, 44). 

Wild-type mice treated with BADGE or HXS31 were 
protected from HF diet-induced hyperglycemia and 
insulin resistance (Figure 7d, lanes 2 and 3). Paradoxi- 
cally, treacmenc of heterozygous PPAR7-deficienc mice 
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v% "i BADGE or HX531 resulted in a, re-etnergence of 
h -perglycemia and insulin resistance (Figure 7d, lanes 
< nd6) (25. 44, 45, 46), a£ compared with wild-type 
r Ice created with BADGE or HX531 on the HP diet. 

i^c iombinatian ofUpHn deficient^ and decreased tfficts of 
i '^AJR.a pathu^ays leads to tnsidin resistance in heteroT^^us 

/JiYdefidet^miceu^otuWATrndMcedhytreahnemm 
*. RXR (mtasonist or a PPARy afUa^anist, BADGE- or 
-!:{S31-crcaced wild-type mice esSiibiced decreased 
.lipanc expressLonoflipogenic enzymes such aa'SMBPL 
(dica not shown) and SCD 1. (Figure Sa, lanes 2 and 3) by 
r.creaaed serum leptin levels (Figure 7c, lanes 2 and 3). 
l/loreover, these mice showed increased expression of 
UCP2 and enzymes involved in p-oxidatlon (Figure 8a, 
lanes 2 and 3), presumably by increased activadon of 
PPARa pathways (Figure 6a). In marked contrast, induc- 
cion of SREBPl (data not shown) and SCDl (Figure Sa^ 
lanes 5 and 6) due to markedly decreased serum Icpcin 
levels (Figures 7c, lanes 5 and 6) (38, 42) and decreased 
efTeccs of PPARa pathways, such as reduced e;tprcssions 
oFACO and UCP2 (Figure 8a. lanes 4 and 5, and data not 
shown) (18, 19, 22, 31), were observed in hetcro;c>^oii3 
PPART^deficienc mice created with BADGE or HX531. 
These alterations of gene expression in concert appeared 
CO increase tissue TG content in heterozygous PPARy- 
defideiit mice crcaced with BADGE or HX531 (Figure 
8b^ lanes 5 and 6), in contrast to the decreased tissue TO 
concent seen in wild-type mice treated with BADGE or 
HXS31 (Figure 8b, lanes 2 and 3). 

Similarly, in skeletal musde, treatment of heterozy- 
gous PPARv^deficienc mice with BADGE or HXS31 
increased expressions of SREBPl (Figure 
8c, lanes S and 6) and SCOl (data not 
shown), decreased expressions of AGO and 
UCP2 (Figure 8c, lanes 5 and 6) and con- * 
comitandy increased the dssue TG concent 
(Figure 8d, lanes 5 and 6) as compared wich 
treatment of wild-cype mice with BADGE 
or HX53 1 (Figure 8, c and d, lanes 2 and 3). 

To determine the relative contributions 
of leptin deficiency and decreased effects of 
PPARa pathways to the insulin resistance 
observed in heterozygous PPAR^-deficienc 



mice without WAT induced by treatment ivich HXS3 lor 
BADGE, we supplied die mice with leptin and/or Wy- 
14,643, a PPAFjOt agonist. Very low plasma lepcin levels 
were restored to almost the control value by continuous 
systemic infusion of a low dose of recombinant leptin 
(Figure Be, left, lanes 2 and 3), which partially alleviated 
insulin resistance (Figues^Se, right, lanes 2 and 3). We 
found that ^-14,643 treatment also partially reversed 
che insulin resistance seen in HX531- or BADOB-treac- 
ed heterozygous PPARY^eficient cxuce (Figure 8e, righc, 
lanes 2 and 5). Interestingly, combining physiological 
doses oflepdnand Wy-14,643 almost completely ame- 
liorated insulin resiscance (Figure 8e, right, lanes 2 and 
6), presumably due to reduced tissue TG concent (dara 
not shown). TTiese data suggested chat leprin deflcien* 
cy and decreased effects of PPARa pathways caused 
insulin resistance by different mechanisms, at least to 
some extent. However, the instdin resistance in these 
mice could be completely overcome by continuous infu- 
sion of a high dose of leptin (Figure 8e, right, lanes 2 
and 4). Interestingly, we very recendy found that in com^ 
blnarion wirh leprin, physiological dose of adip©necrir» 
ameliorated insulin resistance observed in out 
lipotrophic mice presumably through acdvation of 
PPARY pathways (47). 

Diacussfon 

Effect of the RXR antagonist HXS31 and the PPAKfantagp- 
nist BADGE on the repdation ofins$Um sensitivity. This- 
Study demonstrated that trea.cment of wild-cype mice 
wich the RXR antagonist HX531 or the PPAR7antago- 
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Treacmenc of hcterosygous PPARy-deficicnc mice wi^h 
an RXR antagonise or PPARy ancagoniii rtsulw In re- 
rmergencG of hyperglycemia and Inaulln resistance asso- 
dacftd with llpoacrophy. (a) Amouncs of the mRNAs of 
FAT/CD36 in WAT. (b-d) WAT maw (b), serum leptin 
levftU (c), insulin resJirance Index (d), ofwildnype (WT) 
and heterozygous PPARY^efidicnc mice (+/-) untraac- 
ad (-) or trtaicd wich HX531 or BADGE for 3 weeks (a) 
or for 4 weeks (b-d) while on Ch* HF diec. HX531 or 
BADGE was given as a 0.196 or 3% feod admlxcure, 
respcccivcly. Each bar represencs th« mean ± SE 
(n = 5-1 0). *P < O-OS, ♦♦P < 0.01, uncreated versus 
creatad wich HX531 or BADGE or compared with 
uncre&ced wUd-cype mice. NS, no Bignificanc difference. 
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Figure 9 ' 

Ttic combinacion of leptin defici^qr and decreased c frucifc oFPPARa pathways 
results in insulin rciiscance in hfiteroaygous PPAftY-deficient mlc« without WAT 
induced by tre»cment wlch an RXR antagonist or a PPARy antagonist (a and c). 
Amouncs oFthe mRNAs oFFAT/CD36, SREBP1. SCD1, ACO, and UCP2 in the 
liver (a) and in skeleca) musde (c), (b and d)TG concenc oFthe livers (b) and 
skeletal mujcJes (d) oFwild-cype (\Arr) and hecerozygouf PPARY-deftcfent mice 
(+/-) untreated (-) or treated with HXS31 or BADGE for 4 weeks (a-d) i/*hl/c on 
the HF dice, (e) Scrum lepdn levels (fefc) and insulin resistance indwc (right) oF 
heterozygous PPARy-deRclenc mice (PPARy/') untreated (-) or created with 
HXS31 (+) for 6 weeks or PPARy^/- created wich low doses oFIcptin (LeplX), high 
doses oFtcptin (Lepl OX), Wy.l4.643 (Wy). or a combination Ir^rthe fast 1 2 da^ 
Ofa 6-week HX531 crcacment while on the HFdiec. HX531 or Wy-1 4,643 was 
given as a 0.1 or 0.01 % Food admixture, rcipcctively. The results are ej^prewed as 
the percentage of the value of uncreated PPARr'" on the HF diet (right). HXS31 
or Wy-14,643 was given as a 0.1 or 0.01% food admixture. respe«lve!y Each bar 
reprBsenw the mean ± 5E (n - S-10). -P < 0.05, — P < O.Ol, uncreated versus 
treated with HX531. LfiplX, LeplOX, or Wy, or compared with uncreated wild- 
sype mrce. NS, no aignificanc difference. 



nisc BADGE prevented Hf diet-induced 
obesity, insulin rcsiscance, and diabetes by 
reducing ciwuc TG contenc in WAT, skeletal 
musde, and che liver by at least three rncch- 
aaisms. Firsts the RXR antagonist HX531 
and the PPARy antagonise BADGE reduced 
expression of PPARy target genes such as 
C036 in tissues where PPARywas expressed 
predominandy (Figure 4a and Sa), which 
could limit fatty add influflc inco WAT sxid 
skeletal muscle (19, 37). Second, che RJCR 
antagonict and the PPARy antagoxiist 
increased serum leptin levels and leptin sea- 
sidviiy (Figure 3, c, d, f and 7c) and indeed 
increased its effects, i.e., reduced lipogenic 
enzymes and induction of p3-AR (Figures 
4a, 5a, 6b and 6f) (38), as genetically demon- 
Strated by che significant atrenuadon of 
their anciobesity and anddiabetic e^cts in 
lepcin reccptor-defident mice (Figure 3, g 
and h). In KKAy mice, however, it is difficult 
to judge whechei: increased lepdn effects 
coilld play a predominant role in driving the 
decreased weight gain and metabolic effects 
resulting ftom HX531 crcacmenc, raising the . 
alternative possibility that in KKAy mice lep- 
tin-independent pathways may play more 
role in these effects. Third, HX531 and 
BADGE increased expression of PPARa tar- 
get genes such as AGO and UCP2 (Figures 
5 a and Figure 6, a, b, and f) in dssues in . 
which PPARa was expressed, thereby 
increasing fatty acid combustion and ener- 
gy dissipadon in die liver, BAT, and skdecal 
muscle; these observarions fit well with 
recendy demons ttated effects of PPARa . 
agonists On insulin resistance (45) and 
decreased fatty arid combustion in PPARo^ 
deficient mice (49). 

All three effects, downregulation of mole- 
cules involved in TG accumulation and acci'- 
vadon of leptin and PPARa pathways, 
appear probably to be consequences of mod- 
erace reduction of PPARy/RXR activity for 
the following two reasons. PirsCy the RXR 
antagonist HX531 and che PPARy antago- 
nist BADGE exerted these three effects 
essentially in proportion to dieir potendes 
as PPARy/RXR inhibitors in vitro. Second, 
with respect co these three effects, untceated 
hetero^^fgous PPARy-deficienr mice exhibit- 
ed die Same molecular pathophysiology as 
wild- type mice created with HX531 or 
BADGE (Figures 7 and 8). Very recently, 
mice laicklng RXRa in adipocytes have also 
been reported to be resistant to HF 
diet- induced obesity (SO). Although the 
authors speculated chat RXRa mediated 
this effect as a heterodimeric partner for 
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PPARYj ths possibilicy could noc be excluded thac 
HX531 may mediate some of the effects chac were 
observed in this fiCudy, particularly in vivo, by accing on 
other heceroduneric parmers for RXR. Previoiwly, 
KX531 was reporced to be an antagoniat of RXR 
homodimets and of the RAR/RXR heccrodimer on the 
basis of inhibitory acciviiy on cransactivation assay in 
COS-1 cells (17). Although ic had minimal effects on 
die numbets of petipheral blood leukocytes and bone 
marrow blwt$ in vivo, interaction with these receptor 
dimers may account for the present findings to some 
extenc. Thus, the relative contributions of PPARy^ RXR, 
and/or cheir cognate eodogenous Uganda, as well u the 
potenCLftI concribucLons of other hecerodimeric part- 
ners for RXR in mcdiadtig all the effects of KXS31 or 
BADGB, will require further study. 

On the basis of our data, we would like to propose 
the following possible hypothesis that xnay explaia the 
mechanisms by which PPARy/KJCR regulates insulin 
sensitivity. On the HF diet, "normal" amounts of 
PPAR7/RXR activity seen in wild-type mice inci-eases 
TG content in WAT, skeletal muscle^ and the liver due 
to a combination of increased fatty acid influx into 
these tissues and HF diet-induced lepdn resiscance, 
leading to insulin resistance ajsociated with obesity. 
By contrast, the moderate reduction of PPARy/RXR 
activity observed in HX531- or BADGE-created wild- 
type mice decreases the TG content in WAT^ skeletal 
muscle, and the Kver due to a combination of direct 
antagonism of PPARy/RXR to limit fatty acid influx 
into WAT and skeletal muscle and increased Icpcin 
expression by antagonism of PPARy/RXR-mediated 
suppression of the gene^ thereby reducing expression 
of lipogenic enzymes. Moreover, consequent activadon 
of the PPARa pathway in the liver, BAT, and skeletal 
muscle, increases expression of UCP2 and enzymes 
involved in P-oxidadon. These alrcradons lead to pre- 
vendon of HF diet -induced obesity and insulin resist- 
ance. Severely reducing PPARy/RXR activity, however, 
depletes WAT in part due CO severely decreased flux of 
FFA into WAT by marked suppression of target genes 
of PPARy/RXR, leading to increased PA influx into 
Uvcr/muscie and simultaneously co both Icprin defi- 
ciency and decreased effects of PPARa pathways. 
These alterations lead co increased expression of 
lipogenic- enrym&s and decreased expression of 
enzymes involved in |3-oxidacion and UCP2, thereby 
markedly increasing skeletal muscle and liver dssue 
TG content, which can account for the re-emergence 
of insulin resistance in the face of lipoatrophy. The 
results obtained in this study may collectively raise the 
possibility that PPARy/RXR regulates fuel partidon- 
ing among tissues, the net effects of lepcin and PPARa 
acdvicy, thereby playing an important role in the reg- 
ulauon of insulin sensiuvity. 

The 4$ppropriate level ofPPARy/RXR aaiiH^ for insulin jw- 
sititnPy, There may be an appropriate level of 
PPARy/RXR activity for insulin sensitivity. Taken 
together, our data raise the possibilicy chac there may 
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be a hitherto unrecognized U-shaped relationship 
between PPARy/RXR acdvlty and insulin resistance 
within physiologically "normal" limits (Figure 9). The 
relationship between PPARy/RXR activity and WAT 
mass may be linear. There may be an appropriate level 
of PPARy/RXR activity for insulin sensitivity, which 
may be approximately 30-60% of "normal.** Increases 
in PPARy/RXR activity are associated with decreased 
serum lepdn levels due co increasied PPARy/RXR-medi- 
aced suppression of leptin gene transcription, and 
decreases in PPARy/RXR activity may be associated 
with decreased serum leptin levels due co WAT deple- 
tion. IhuSi the relationship between PPARy/RXR activ- 
ity and lepcin appears co exhibit an inverted U-shaped 
curve. Thus, impairment of the lepdn pathway tnay be 
closely paralleled by impairment of insulin sensiavicy. 

HF diet-induced obesity is the major risk foctor for 
diabetes and cardiovascular diseases, the prevalences of 
which arc Increasing dramadcally. Although genetic 
evidence has strongly suggested PPARy to act as a 
thrifty gene (5, 11), the molecular mechanisms 
accounting for this fiincdon of the gene were winclear 
(2, 51). We have shown herein that PPARy/RXR pro- 
motes fat storage in the body by a combination of 
direct induction of molecules involved In TG accumu- 
lation and suppression of leptin gene expression as well 
as inactivation of PPARa-signaiXng pathways. In times 
of fasting, this PPARy/lepcin/PPARa network maxi- 
mizes energy storage, u4iich is quite advantageous for 
survival In times offcast, which are the norm in indus- 
trialized nations nowadays, however, this network caus- 
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On« pouible model for the reladonch ip between PPARy/RXR activi- 
ty and insulin senslclvlty on che HF diec. The relationship between 
PPARy/RXR accivicy and WAT mass may be linear. There may appear 
to be &n optinnal level of PPARy/RXR activity for insulin sensiuvity 
that is approx/mately 0.3^0.5 rimes normal. Increases iri PPARY/RXR 
accivicy as coiYiparcd with the optimal range are assodaced wich 
decreased servm lepdn levels due to Inereased PPARy/ RXR-mediat> 
ed suppres&ion gF fepcln gens cranscripdon, and decreases in 
PPARyRXR activity ru^y be associated wich decreased serum lepcin 
levels due 10 deplecicn ofWAT. Thus, these data raise the possibilicy 
chat chc relationship between PPARyRXR accivicy and lepcin is an 
Inverted U-shaped curve. The relationship between PPARy/RXR acciv- 
icy and insulin resistance appears co exhibit such a U-shaped curve. 
Thus, impatrmenc of the lepcin pathway may closely parallel impair- 
ment of insulin sensitivity. 
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es excessive adiposity, insulin resistance, and obesicy- 
related diseases such &s diabeces. Thus appropriace 
ancAgonism of PPAR7/RXR, which simultaneously 
leads to appropriace agonism of lepcin and PPARa, 
may be a logical approach co procecdon against obesi- 
ty and related diseases such as type 2 diabetes. In chis 
respect, treating subjects wich die \wUd-cype PPARy (Pro 
12 allele) with higher activity wich PPARy/WCR 
inhibitors is an example for ''personalized treatment" 
of subjeccs genedcally suscepdble to obesity and dia- 
betes. In contrast, our data raise the possibiUcy that 
treacing subjects with the variant PPARy (Ala 12 allele) 
wich lower PPAR7 activity with PPARy/RXR inhibitors 
may worsen their insulin resis tajice (46) . 

Although not shown in this study, we have also found 
diat supraphysiological acdvation of PPARy* ^ beyond 
1 (PPARy acdvity in wild-type mice on die HP diet)^ by 
TZD induces adipocyte differentiation, thereby increas- 
ing die number of small adipoq^tes (8). This in turn pro* 
motes a flux of FFA from the liver and muscle into 
WAT, leading to decreased liver and muscle TG content 
and improvement of insulin sensirivicy at the expense of 
Lncreased WAT mass, Le., obesity (52). However, PPARy 
acdvators including TZD have been reported CO prevent 
atherosclerosis by reducing lipid accumulation in 
foamy arterial macrophages and also co inhibit cytokine 
pro due don and inflammation, raising the possibility 
that PPARy inhibitors promote atherosclerosJs (53-55). 
Thus, like tissue- specific ago ni St/antagonist for the 
estrogen receptor tamoxifen, a tissue-specific PPARy 
agonist/antaigonist that functions as an agonist in arte- 
rial macrophages and simultaneously antagonizes 
PPARy in adipose tissue may be the ultimate drug for 
treating obesity, type 2 diabetesi and arherosderosis. 
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Peroslsome pxiiIiiierator*activated recseptor (PPAR) y 
io a U^and-activated traMuscrtptloB &ctor and a member 
of the nuclear lionaoiie receptor superfomily that is 
thought to be the maatar regulator of fbt storage; how- 
aver, the relatSonBhip between PPARy and ingnHn aen- 
Bitivity is hi^jhly controverftial. We ebow here th^t si^- 
raphysiological act ivatio n of PPARy by PPAHy agonist 
thiasolidlBedionee (TZD) markedly Increases triglycer* 
ide (TO) content of white adipose tiaaue CWAT), thereby 
deoreasSng TG content of liver and muscle, leading to 
amelioration of insulin resistance at the expense of obe« 
eity. Moderate redaction of PPABy activity by heterozy- 
(erons PPASy deficiency decreases TO content of WAT, 
skeletal muscle, and liver due to inoreased leptin az- 
pzessioa and increase in fotty acid combustion and de- 
crease in lipogeneaiBp thereby ameliorating high fat diet- 
indaced obesity and insulin resistance. Moreover^ 
although heteroa^ygous PPARy deficiency and TZD have 
opposite effects on total WAT masB, heterojpygona 
PPABy defi^ciency decreases Upogenesis in WAT, 
whereas TZD stimulate adipocyte differentiation and 
apoptosis, thereby both preventing adipocyte hypertro- 
phy, which is associated with aUeviatioa of insulin re- 
sistance presmnably due to decreases in ^e fatty acids, 
and tumor necrosis factor a, and up- regulation Of adi- 
ponectin, at least in part. We conclude that, although by 
different mechanisms, both heterozygous PPARy defi- 
ciency and PPARy agonist improve insulin resistance, 
which is associated with decreased TG csontent of mus^ 
cley^ver and prevention of adipocyte hypertrophy. 



* Ihiis wvrk was auppottdd in port by ft grwrt ftom the Research. 
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P6xosiaoine prdUferator-activated receptor (PPAR)^ 7 ia a 
ligand-activated traoficriptlon foctor and a member of the nn- 
clear hormcne receptor superfamily that ftinctioafi as a hei« 
erodimer with a retinoid X receptor (BXR) (l«-5). Agonist-in- 
duced activation of PPARyBXR is kaown to increase insulin 
senidtivity (6, ?). T^ii&solidinediones (TZD), which have the 
ability to directly bind and activate PPAIt^ <6) and to stimulate 
adipocyte diSierentiation (2« B), are used clinically to reduce 
insulin resistance and hyperglycemia in type 2 diabetes (1, 2, 4, 
5). We and otberd (9, 10) have reported that beterozygxjus 
PPART-defident mice are protected from high fat (HF) diet- or 
aging-induced adipocyte hypertrophy, obesityt and insulin re« 
aistanca. Consistent with this, the Pro-12 -» Ala polymoipfaism 
in human PPAR-yS^ which moderately reduces the transcrip- 
tional activity of PPARy, has bean shown to conlbr resistance to 
type 2 diabetes Ihis appszent paradox raises the fol- 

lowing impoitant unresolved issoe (14) which we addressed 
eacperimentaHy in this study. We attempted to esqplain bow 
insulin resistanoe could be improved by twe opposite PPARy 
activity atates, supraphysiqlogical activatien of PPARy and 
moderate reduction. We did so by usinir heterozygous PPARy- 
deficient mice and a pharmacoloBical activator of PPARy in 
wild-type tnice. 

We ^low here that supraphyBlological activation of PPARy 
by TZD markedly increases triglyceride (TO) content of white 
adipose tiaeue (WAT), thereby decreasing TO content of liver 
and muscle, leading to amelioration of insulin resistance at the 
expense of obesity. Moderate reduction of PPARy activity by 
heterozygous PPARy deficiency decn^asea TO content of WAT, 
skeletal muscle, and liver due to increased leptin expression 
and increase in £htty add oombustion and decrease in tipogen- 
esis, thereby ameUoratdag diet-induced obesity and insulin 
resi stamc e. Moreover, althouffb heterosygous PPARy deficiency 
and TZD have opposite edSsets on total WAT masa, hetesosy- 
gouB PPARy deficiency decreases lipogenesia in WAT, whereaa 
TZD stimulate adipocyte difierentiation and apoptosis, thereby 
both preventing adipocyte hypertrophy. This reeults in a de- 
crease in molecules causing insulin reaietaiiice s\ich as free £atty 
acids (FFA) (16) and tumor necrosis factor (12^ a (16) and 



^ The abbrevifttioufl ofied are? PPARy, peroadaom© proUferator-actl- 
vated receptor; WAT, white adipose tissue; TQ, triglyceride; TZD, thia- 
zolidinedioiieaj RXR, retinoid X receptor, FPA, &ee fatty acids; TNT, 
tumor necrosis factor; HO, hi^ carbohydrate; SBJBBP, aterol regulatary 
elexnent-binding protein; IRB, insulSn receptor mbatrate; KF, high fat; 
PI, phosphatldyUnosltol: BAT, brown adipose tissue. 
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up-regulation of insuUn-BeriBitiring honaone adiponectin (17). 

P^ARv S ai^d PPAB-y agoniat improve insulin 
mu6clemver and praveutloft of aaipw^yte hypertrophy. 

SRPBBOffiNTAL PROCEDUKEfi 
/itViAr JfiBterlfll* wdf« from the aourcea givai m Rcfo. 8 and ». 

NiDPon CREA Co., Ltd. 8lx-wMk-oM mice ware ted pew- 

are erorort^d aa the percMJtage of the value of eadi eontrete. lua 
S^S^tence index (7) was calculated £rcm the pi«l«rt ^ arew 
rf^S^^iwSin X 10- in Blueoaa tolerance teat (9), The i^aulte 
wfeaSre^^ „ tha ratio of the value of each wild-type ™trol8 on tha 
high carbohydrate (HC) diet (S>. Laptm waa osaayed with the anaynxe- 
imm^orbcnt aaa ay-based Quantildna M ^'^^ST. "S?!: 
noaaaay Wt (R & D SyatemS) according to the manufad^x'* 
ti^ Ft laptiB senaltivity C9). leptin (PaproTech) 7»t!f^*e^^-v 

SrtoxS^ Bodiu4 chloride wlutSan was admtoijtered to ^S^*** 
Pood intake and body ww^ht weta meaaurad to aaaeflfi tbe effi»eU of 

^toKi A«^ata otAdipom^ '^^V^ 

cyto SlseZAdSpoao tiflsue wafl removed from each animal, &»d in 10% 
farmaldehyd«^hoBphate-buffered saline, and maintained at 4 C untd 



medium (Ti^BUB-Tak OCT ccmpoundj MUes). and froxen In dry ke and 
fe«one. WAT was cut into lO-f*m aectioaa. and the aecucms were 
mouS^d on Bilani^ fllidea- The Bdipoae tlBSue waa ata^ with he- 
^t^Un and eosin. Mature white adipocytea were idantified by their 
ohwarteitetfc multOoculax appearance. Tctal adipocyte Kreaa were 
^^^uany and analyzed with Win ROOP aoftware IM^tanlCo., 
Ltd. Chiba, Japan). White adipocyte areas were measwwl m 40Q w 
flwri oella per mouae in each group according to the "f^t^^deaaribed 
proviously (8, 9). Section* of adipo« tiseu^a from imce treated for 14 
Sa w«4 fltkiaed by the termin*! deoxynudeotidyltr^af^aee-ma^- 
aS dT^ ntek end-labeling technique with a Ut (7/i Situ Cell D«at^ 
Detection Kit, AP; ftocho Molecular Biochmicate) to detect apoptotic 
audei a« deaoibed (8), with aUflht modificatifins. The numbere of ^ 
uuclai and apoptaaia positiv^ataJned nuclei were counted to calculate 
Oia ratio to l£ numbS of apoptotic nuclei to total nvmxber of niKle^ 
iWA PP^pamtinn, Northern Blot Analy^U.JV^a^ ^?f!!^!2j^ 

i^A waa pTBp^d from tieeues with TOX^l ^i^.'^'^^^l 
according to the manufecturer'a iastnictiona. Total RNA from 5 to 10 
aSeto^ch group waa pooled, and aliquots w^ t"^.^ 
blot analysis with the probes for rat acyl-CoA oaadaee pr. T. Haabi- 
moto)rmire CD36. UCP2. and adiponactm J)NA or RNaae piotecf^on 
assay to meaaurc mUNAa of TNFa perfbrmed uaing a ^^"^^Pf'^l 
. <8, 9. 18, 19). The radioactivity in each band was quantified, and the fold 
change in each mRNA waa calculated after correction for loading dif- 
f^encee by meaanrlne the amount of 28 S rRNA. Veiy low levels 
«10*) of adipocyte P2 mRNA were detected in muacle as ownparea 
wi^^e in W^By contrast, CD86. SCDl, acyl-CoA fflddasa. and 
UCP2 mRNAfl were detected in muaae at leveU comparable to those m 
WAT These findings suggest that the results for muscle tissue essen- 
Sally represent the results for the musde cells. ^ "^.J^? 

w^oontininated by a amaU amount «10%) of inter-myocyte fat (20). 
The orocedureo used for HS-kinaae assay, immunopretipitation md 
SmS^b!ottin» have been described previously (2l>. BepreaantaUve 
data from one of three independent experhnenta are shown. 

meaauremonta of (^*ClCO, production fr^ [V^^]pal^tic aad and 
Hpogeneaia from {l-^*CIacBtate were perfbrmed usuiff hver, niu»cle jmd 
sUcee, aa described (18, 22), liver and muaele homogmiatea were 



extracted, and their TO content was determined as described previously 
(18), with oome modlficatxona. 

RB5m.T8 

TZD Improve Insulin Reaistancw At tht £^«nse of OheMity, 
wkereae Hsterozysous PPARy D^cUncy Improves Both IneuUn 
Resistance and 06etft<Sy— To explain how inanlia reeistanoa 
could be improved by two opposite PPAR7 activity fitataa, bu- 
praphyBiolosical activatioa of PPAR7 and moderate xeduciion. 
we studied the phanotypea of untreated or PPAR7 agoniet. 
treated vnld-type mice and untreated heteroaygoua PPAR^^ 
deficient mice. We aasessed PPAR-y activity in vivo by meaa- 
urlng eacprcBBioa lavela of Upoprotein Upase (23), ^^'^ 
tranalocaee (PATVCDSe (24), and adipocyte fatty acid-Hnding 
protein/adipocyte P2 (25) (Fig. U), whoae promoters contain 
perosiaome proliferator reaponse element, in WAT, where 
PPAR7 is esEpreaaed most predominantly in vivo* As expected, 
Toaiglitazone-treated wild-type mice exhibited a slgnificantin^ 
crease in PPAR7 activity as compared with nntreated wild-type 
jDioe (PIfi. lA. lanes 1 and 5). whereaa untreated heterozygous 
PPARrdeficient mice showed a modexato decrease m FPABry 
activity (Fig. lA, Zonaa 1 and 5). . ^ . ^, 

Untreated wild-type mice on the HP diet gained fiigmfioantly 
more body weight than the mice on . the HC diet (data not 
shown). Administration of rosigUtazone to wild-type niica^ 
creased significantly more body weight than vehicle on ™ HF 
diet (Fig. 1^, lanM 1 and 2), tn contrast, heteroaygoua PPARy 
deficiency reduced the increase In body weight on the HP diet 
(Fig IB, /onaa 2 and 3). Treatment of wild-type nuce with 
roeigUtasone significantly increased WAT maas (Fig. IC. Janes 
J and 2), whereas wxtreated heteroaygoua PPARrdefioent 
mice were protected fiom HF diet-induced Increaae in WAT 
mass (Fig. VC. lan^ S and 3). These data suggested that 
PPAR7 determines the adiposity in proportion to ita activity. 

Treatment of wild-type mice vdth roeiglitaaone imP«»If* 
hyperglycemia (Pig. 10. lanea 1) and hypeiinsulinem^ (Hg. 
LB lane 1) on the HF diet aa compared with untreated wild- 
type mice (Pig. I. D and lane 2). Untreated heteroa^ua 
PPARv-deficient mice were alao protected 60m HP diet-in- 
duced hyp^lycemia (Pig. ID, lanes 2 end 3) and ^ypeiinsu- 
Unamia (Fig. IS, tones 2 and 5). These findings indicatottt^ 
T2D improve ^TianHn sensitivity at the expenee of obeM^, 
whereas moderate reduction of PPAR7 activity has potential aa 
anti-obesity and anti-diabetic drugs. ^ 

Heteroaygous PPAJ^y Deficiency Exerts lis Anti-obesity ana 
AnH-diabeiiC Effecte in Part through Leptin^penderd Poih- 
wcn^s— The rectal temperature was lower in rosighta«ine- 
treated wild-type mice tK^.that in untreated ^^-Jj^.^^^;?^ 
(Pig. 2A, laneB X and 2); on the contrary, it was sign^cantly 
higher in untreated heterozygous PPARv-deficient mice (I^g. 
2A. lanes 2 and 3). The serum leptin (26) levels were fiUgbtly 
but not slgniftcantiy lower in roeigUtaaone-treated wild-type 
mice than thoee of untreated wild-type mice (Pig. 2B, "nas i 
and 2\ whereas they were significantly higher in 
heterOJygouB PPAH'v-deficient mice (Pig. 25, ianas 2 and 3). 
Thus the serum leptin levels were parallel to the rectal tem- 
perature. It waa alao noted that serum leptin levels were neg- 
aUvely correlated with PPAR7 activity, suggesting tihat toe 
serum leptin levels were parallel to the represaion of leptm 
gene transcription by PPARVRXR (27). Moreover, l^Ptto 
Bitivity as assessed by reducUons in fbod intake and ^Kidy 
weight change In response to axogenoualy administerwi lept^^^ 
was significantly increased in heterozygous P^^^^^^^^^^'^ 
mice as compared with wlld-type mice on the HP fif^ 
and i?, tones 3-6}. The degree of change in body ^^^S^*^^^^^ 
by leptin treatment differs! significantly (p < 0.01) b^t^e« 
Drtld-type (-0.67 ± O.W*) and heterozygous PPARy-deficicUS 
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Fio. 1. TZD improve insulin reaiat- 
ance at tbe «jrp«z«s« «be9ityi 
wUeroas heieroflygonfl FPARr defi* 
cioiioy improves both inyiiHTi resist* 
ance and obasiiy. Amountfi of the 
niKNAs of lipoprotein Upase iL3f*L), fatty^ 
edd kranBiocase CFAT)/0D86, Adipocyte 
fetty add bi&dSne proteio/adipocyte PS 
<aPd) in white adipO&fi ti&eud CA), body 
wei^t CB), WAT w«|^t (C), th^ valuer of 
area uzidar the ghioose eum (DX &nd 
area under tiie insulin curv e during 
glucose toleranco tert {QZD of wild-type 
CWD and hBtemayBotaa PPARv-daficiant 
HUM (-*-/-) untreated (-) or treated with 
roBi^tazOna CRcwi) fbr 4 weefas (AnB) 
while on the hif^ Cat diet are ahown. Boa- 
iglitaaono was given as a 0.01% food ad- 
mixture. Each bar r^preaanta the mean ^ 
S.B. (n = 6-10>. *,p < 0.05; p < 0.01. 
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mice (-1.38 ± 0.11%). These data raised the possibility that 
increased leptin effects may oontribute to the effects of the 
heterozy^uB PPARy deficiency. 

Heterozygous PPARy Deficiency Decreaeeo Lipai^enesis in 
WAT, whereas TZD Stimulaie Adipocyte DiffarAnticOion and 
Apopto$ig, Therehy Both Preventing Adipt»cyta ffypertrophy^ln 
^AT froTA \iAtreated heterozygouB FPABTHiefioient mice, ex- 
pressions of lipoprotein lipase and CP36 were reduced, which 
j^iay contribute to decreaeed TO content. In addition, espies- 
flloi\« of lipogenic enzymes such as sterol regulatory element- 
binding protein (SREBP) lo and SCD (steaxtryl-CoA de&atu- 
tue> 1 were reduced, and Kpid syntliesis was indeed 
significantly decreased in WAT firom heteraaygooe PPARy-de- 



fident mice as compared with that in wild-type mice on the HF 
diet (Fig. Expression of ^g-adrenergic receptor (Fig. 2£i 
foTies 2 and 3) was increased preaumably due to their increased 
leptin efieots (Fig. 2, B-D) (28) and decreased FPARti^BXA 
effects (29), and fatty acid osddatian was increased (data not 
shown). Decreased lipid syntheala and increased fktty add 
oxidation as well as presumably decreased &tty acid inSh^^ in 
heteroaygoua PPART^deficient mice may in concert prevent 
adipocyte hypertrophy (Fig. aA), and therefiwe obesity (Fig. 1. 
B and C, lanea 2 and 3), on the HF diet. 

Interestiogiy, supiraphysiQlogical activation o^ PPAJty siS^ 
icantly reduced the average size of adipo<ytes under the HF 
diet (Pig. 3A, lane / and 2) as a result of a marfted Increase in 
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Leptfn sensHivay 
(weight changeg) 



FtO. 8. Hetero»yCoii8 PPARy dfifi- 
olency improves botb inraUn resist- 
«aoe and ob««ity ix» P«t 
tin-dopendoat pathway^ "Hxe re^l 
tBznDeratux^ CA), aaruBJ leptin levels {jf), 
a^Stfl of the m»NAs of SREBP 1. ate- 

SSieieic receptor CA«) la WAT (^).Upld 

edbcts of iptraperitDAeal Uptm adxmiua- 
tAtUm wOd-type (WD, wid hfiteroBy- 

BovB PPART^tefic^fc 
b«ated (-) or treated with rosightMMie 
(Roto for 10 CB) or 4 weeks (A and 
C.I»1 while oa the HP diet are ahown. M*ce 
veoeived an iatrapefitoneal injection of ei- 
ther leptin (10 ^xg/g/day) (+) or iflotomc 
sodium chloride aolutioa (-). Pood in- 
fcake/lA h U«/» and weight dian«es/12 n 
(righi) were meaeuxed. Rosi^Htasozie wa£ 
given BB a 0,01% ftwd admixtuic. Bach 
Sot representfl the mean ± S,E. In = 

6-10), P < 0^05; P < ^'^'^S:' ^ 
aigaiflcant difference; oompared with nn- 
trested wild-type suce. 
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the number of newly differentiated amall adipocytes and sig- 
nificant decrease in the number of large adipocytes with a 
concomitant induction of apoptosis of adipocyte (Fig. 3B, laMB 
i end 2 and Fig. «0 (8). On the other hand, betetozygous 
PPARt deficiency appeared to preveat HF diet-induced adipo- 
cyte hypertrophy without a ^cant change m the to^ 
number of adipocytes (Fig. a^, lamre 2 ^^^¥"^7^.^^ 
These data auggeat that the heterosygoua PPARy defiomcy 
decreaaea Upogenesia in WAT. whereas TZD atiinulate adipo- 
cyte differentiation and apeptoiis, thereby both preveotmg adi- 
nocyte hypertrophy* 

AdipocyU Hypertrophy Is ABSociated with InstMn Resist' 
a^e— We next attempted to experimcntany clarify the rete- 
tionshipa between adipocyte hypertrophy and in^^ 
ance. To thia and, we induced adipocyte hypertrophy by high 
fat feeding, leptin receptor deficiency, or agouti overexprcaaion. 
The eiae of the adipoao ceUa and the insulin resistance were 
increaaed in mice on a HF diet compared with those in mice on 
a HO diet (Fig. aD). The size of the adipose cells and the ineuhn 
reflifttanee of dh/db mice were also increased compared with 
their wild-type controU on both the HC and HF diet CFig. ZD). 
We obtained essentially aimUar results by using KKAy mice 
and their wild-type controls (KK) (Fig. 3£?). These findings 
support a close correlation between adipocyte hypertrophy and 



insulin resistance, even though a cauee and effect relattonalap 
is again unproven. In thia context, protectioa from adgWQrte 
hypertrophy due to decreased Upid synthewtf in WAT from 
heteroaygous PPARydeficient mice (Fig. 2F) may cause an 
increase in insulin senaitivity CPig- 

Protection from Adipocyte Hypertrophy May Finally W to 
Alleviation of Insulin Resistance Presumably via a P^^f^ 
MoleeuUs Causing InsuUn Rssistanes and Up-regulation oi 
Insulin^aeneitUdng fformone^We tried to clarify the mole^- 
Ur link between adipocyte hypertrophy and insulin «»atence 
Wa examined the levels of expression of molecules secreted b3 
WAT that regulate insulin sensitivity under thefollowmg fcui 
Sffiwent couStions: HC feeding. HF feeding HF f^^^^d^J^tt 
het^w^gous PPARt dofidencyj and HF feeing w^ f Pi^ 
agoniat The HF diet significantly increased adipocyte aije 
at the same time increased the molecules causing maulln re 
eistance. auch aa FFA and TNFa (Fig. 8. O and H). and de 
creased the molecules causing infiulm sensitivity, ouch as adi 
pcnectin (Fig. 37). In mice that exhibited Insulin resistance a 
«mpared wfthinice on the HC diet (^1,D and^, Inne^ ^ 
2) (Replenishment of adiponectin in KKAy mi^ ^ ^ H 
partially reverses Insulin resistance even at the doses that d 
not sigiUficantly change adipoc^^ste (17).) Iij «^ddit^,tre« 
ment of wild-type mice with the PPARy agonist rosightawnec 
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FIG. 3. Both Iiotero23rg<mfl PPABy deficiency and TZD pr«irent adipocyte hy{»cnr6pby» which finally lead to aUeviatioii of InmiHa 
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eompared with* untreated wad- type mieo. 
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FiO. 5. TOD indirectly 

0iol«ciil«9 invoWeil in FFA influx tjito 
the liv«r, wherew heteroaygous 
PPABv deficiency combuHs fatty 
aH iP and decrevsefi llpogenesis* 
thereby both dM^reaslne ILssoe TO 
oontent in liv«o*. Tisane fcriglyoeiide <A). 
amounts of the iuBNAq of fatty-sad 
tranaloease (FAD/CPa8» SB£BP 1, Jtw- 
oyl Co-A desatuiaae <SCZ» 1, acyl-CoA. 
ozidaBe CACO), aiid vmooupllag protein 
iVCF> 2 (B), Upid 9yntocsia from t^*<y]w?- 
etote in the Uver (O. fetty add CFA) axi- 
dation gluookinafle. phodphoeno)- 

pyruvate carboxykia&BB iPBPCJO and 
gliii:ose-6-pho0pbat&se (.OePass) Cfi>. in 
liver of wld-type (WT) and heteroaygous 
PPABT-doficient mice (+/-) untreated 
(-) or tzeated with rooielitasone CRosi) for 
4 we^ while on the HF diet. XUwigHka- 
sene waa given as a 0.01% &dd admia- 
ture. Fat^ add ogidstinn was asaesEed by 
the meaflurementft of [^*ClCOo production 
from (**C)palmStic add W). Each bar rep- 
reseAtB the mean i S.£. in = 5-10). *,p< 
0.05; **. p < 0.01; compared with un- 
treated w&d-type aiiee. 
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heteroeygoua PPAR? defidemsy, both of which teaulted va pr o- 
tectioa against HF diet-induced adipocyte hypertrophy, eignif- 
icantly decreaaed FFA and TNPo (Piff. 3. O and iO and 
c±eaaed adiponectin (Fig. 31) and at the same time aasneUorated 
inanliA rasistance (Fig. 1, D and on the HF diet. However, 
treatment of wild-type mice with a PPAR7 agonist increased 
adipose tlaaue mass (Fig. 1C» lane X) and body weight (Pig. IB, 
Ime IX whereafl heteroaygous PPAR7 deficiency eigniftcantly 
deoreaaed them (Fig. 1, B and C. lane 3). These flndinge raised 
the posaibility that levels of e^cpraasion of molecules regUatmg 
insulin sensitivity maybe more closely related to adipocyte size 
than PPAR7 activity, adipose tissue mass, or body weight m 
vivo. Large adipocytaa are known to be resistant to o^ti-^jFjly' 
tip action of inaulln, thereby releasing a large amount of FFA 



(80): how^^er. the mechanlams underlying the correlation be- 
tween larger adipocytes and up-regu!atlon of TNFa and/or 
down.regulation of Bdiponactin remain to be elucidated. 

TZD Indinctly Decr^aee Molecules Involved in Fatty Ajud 
Influx into MmcU/ Liver, whereoB Heterosysoua PPARy IW- 
ciency Inereasea Fatty Acid Combustion and Deereagea Upt^n- 
ssis via Increased Leptin Bf^ct, Thereby Both Decreaang Their 
Tissus TO Contend— Interestingly, both supraphywologi^ ac- 
tivation of PPAR7 and moderate reduction of PPAR7 fctiylty 
aiHiificantly reduced tissue TG content in musde and hver 
(F^g. 4A and Fig- SA). suggesting that insuto rcaletance haa an 
exceUent correlation with tissue TG content m muscle and liver 
(Fig. 1, D and E, Fig. 4A. and Fig. SA) (15). 

to Wild-type x^ice treated with rosigUtasoae. the deCi-ea^ed 
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tissue TQ content in rouade/livor, whet© PPARy was less abun- 
dantly eacpressed as compared with what wea in WAT, WM 
presumably via reduced expr^BBion of molecwlfiB involved in 
FFA influit into muflde/livEr (Flff. 4E and Pig. 5S, lanes 1 and 
fl). On the other hand, heterozygo*" PPABy deiidency reduced 
expression of Upogenlc enzymes suflh as SCDl (Pig. 4E and Fig. 
SB, lanes 2 and 3) and 6EEBP I (Pig. Bfl. ^o^ietf 2 and 3), and 
indeed si^snificantly reduced lipogeneeis (Pig. 50. presumably 
due to increased leptin effecta (Pig. 2, (SS), may redwse 
tissue TO content in muadeOlveT (Pig. 4A and Fig. 6A, toiwff 2 
and 3). 

BAT 



LAC6-f 



PPARy 
genotype ; 

Treatment : 




I 3 
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Roel 
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v/r 
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4/- 



Fio. 6. HeterosygouQt PPARy deficiency inereases exprearfon 
of inolecplffft involved in ^-oxldaticm and ^g-edrenergic receptor 
in BAT. Amounts of the mBNAa of fatty-acid translocase (KATVCDSe, 
long chsin acyl-CcA syn theta ae OACS). end ^,-adrBn«gSc receptor 
CAR) in BAT of wild-type (WTO Mid li6terozygo\a» PPARrd^ent mice 
C+/-) nntroated <-) or treated with io«iBlitazone C«osO fcr 4 w^ks 
while Qn the high fot diet. Kosi^taaMift was j^ea aa a 0.01% nod 
edmiztuze. 



Heterozygous PPARy Deficiency Increases Fatty Acid Carv 
biation and MoUciUes Involved in Energy Dissipation via 
PPARa Pathways in Liver, Muscle, and JBAr— Moreover, in 
muade/Uver firom heteroaygoua PPARy^eficieat mica, in- 
creeded azpiession of ensymes involved in 0-o:Kidation axuh as 
acyl-CoA cnidaBe and that of moleevlflB involved ta energy 
disslpatioa auoh as UCF2 (Fig- 4S and Fig. Gd. lansa 2 and 3) 
were diaarved. Fatty acid oxidation was Sndesd signiAcanUy 
increased ia musda/liver from heteroaygous PFARTKleficient 
mice as compared with tiiat in wild-type aiioe on the HF diet 
(Fig. 4F and Fig. 5I>). Thaae alterations may be an additional 
medianiam I6r f«ducad TO content in muscle/liver of bataraay- { 
gou8 FPARr^fifident mice. Since these effects were recapitu- 
lated by trealanent of wild-^a mice with Wy-14,64d, a PPAKa 
BgonUt as reported (18. 19, 31) (data not shown), PPARa patb^ 
ways appeared to be activated in the Hver of betaroBygoua 
PPARrdefident mice. 

In the BAT. where PPARa was relatively abundantly ex- 
pressed compared to that in WAT, significant increases iXk the 
expression of molecules involved in fatty add combuatian pre- 
sumably via activation of PPARa pathways (18, 19, 31) and 
0^-adrenergic receptor (Fig. 6), due to increased leptin efTecte 
(28) and decreased PPARy effects (29), were observed. Theae 
alterations in concert may provide the mechaniiBBi that in- 
creaaed energy expenditure by heterozygous PPAR7 deficiency 
(Piff.2A), 

Heterazygoua PPARy Defteiency Indeed Improves Ineulvx 
Signal Transduction and Ijisulin Actions in Each Target Or^ 
gan — Increaaed tissue TO content has been reported to inter- 
fere with insulin-stimulated phosphatidylinositol (PI) 3-kinase 
activation and subsequent GLUT4 translocation and glucose 
uptake (16). Next, we tried to experimentally dari^ the rela- 
tlonahipa between tjssae TG content and insulm resiatance- To 
do 60, we increased tissue TG content by hi^ fat feeding^ leptin 
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Fro 7 Proposed mechanieitia tor the regulation of toeiOin eenailivilsy and adipoaitjy by f^^r^^^.^^ ^"I^^^J^af 
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Adipocyte Hypertrophy" under "Diaeussion." 
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receptor deficiency, or agouti overexpreaaion. The tisaue TO 
content of skeletal muscle and insulin resiatance were in* 
creaeed in mice on the HF diet compared vnth those in mica on 
the HG diet (Fig. dJB). The tisBue TO content of skeletal mxisde 
and insulin resistance of db/db mice were also increased com- 
pared with their wild-tj^ controls on both the HC and HF 
diets (Fig. 45). We obtained eBaentially similaz results by usitXff 
KEAy mice and their wild-type controls (KE) (Fig. 40). These 
findings raise the possibility that increases in tiasue TO con- 
tent are associated ^th insulin resistance. Conversely, de- 
creased tissue TO content due to dscreaaed lipid ayntheais and 
increased iktty acid oaddstion in musde/liver from heterosy- 
gouB PPARy-defident mice (Fig, 4^ and Fig. 6, C and D) may 
cause an Increaaa in InsuBn sensitivity (Fig. 4D). Shulman and 
co-workers (82) proposed a cause and effect relationabip be- 
tween the accumulation of intracellular £sitty add^erived me- 
tabolites and insulin resistance. However, there are instances 
in which tissue TG content actually does not change in another 
scenario that also causes insulin resistance, i,€. adipose->8eleo- 
tive targeting of the GLUT4 gene (32). Thaa, interpretation 
should be done with caution, and decreaBed tissue TO content 
in mufideAiver ia one possible mechanism for the results of 
increased insulin sensitivity in heterozygous FPAB-^eficient 
mice. 

Consistent with this possibility, decreased TQ content in 
musde of heterozygo\is PPARy-defident mice indeed improved 
insulin signal transductian in musde. aa demonatrated by in- 
creases in insulin-induced tyrosine phosphorylation of 
rec^tor, insulin receptor substrate (IRS)-1 and IRS-2, and 
insulin-stimulated PlS-ldnase activity in phosphotyrosine, 
XES'l and JES-2 immunoprecipitates, and insulin -stimulated 
Akt activity in skeletal musde (Fig. 40). The reduction of TO 
content in liver of heterossygous PPAH-^eficient mice was as- 
sodated with increased expression of glucokinase and de- 
creased expression of enzymes involved in gluconeogehesis 
eudi as phoaphosnolpyTuvate cazboscTkinaBe and glucoBe-6- 
phoaphataae (Fig. SEX indicating increased inauUn actions also 
in hvar. 

DIBCUSSIOK 

Both Hsteroeygous PPARy Deficiency and PPARy Agonist 
Improve Insulin Reststanee Presumably Dite to Decreased TO 
Content in MuscU/IAver as Well as Prevention of Adipocyte 
Hypertrophy— We attempted to explain how insulin resistance 
could be improved by the following two opposite PPAB.7 activity 
states: a potent activation of FPAR7 and its moderate reduc- 
tion. We did so by using heterozygous PPART-defident mice 
and a pharmacological activator of PPAB7 in wild-type mice. 
On the basis of escperlmental results obtained in this study, we 
propose the following hypothesis on the mechaniams for the 
regulation of insulin sensitivity by PPAR7 (Fig. 7). 

As shown in the Fig. 7, panel 2, on the HF diet, **nDrmaI" 
amounts of PPAKy activity seen in wild- type mice increase TG 
content in WAT, skeletal muscle, and liver due to a ccmbina- 
tion of increased fatty acid influx into WAT» skeletal musde, 
and Liver and HF. diet-induced leptin resistance, leading to 
inaulia resistance and obesity. Moreover* hypertrophic adipo- 
oytes may increase the secretion of molecules causing insvlia 
resistance, such as FFA (15) and TNFa (16), and decrease that 
of an inaulin^ensitizing hormone, such as adiponectin (17). 

As shown in Fig. 7, ^mel Z, supraphysiological activation of 
FFAR7 way beyond ^at by TZD stimulates adxpogenesis, 
which promotes a flux of FFA from liver and muscle into WAT, 
leading to a decrease in TG content in liver and musde and 
improvement of insulin sensitivity at the expense of inci*eased 
WAT mass, i.e. obesity. Moreover, TZD induce adipocyte diififejc- 
entiation and apoptosis, thez^by increasing the number of 
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small adipocytes, which finally lead to alleviation of insuHn 
resistance presumably via a decrease In molecules cflusiing 
insulin resistance, such as FFA and TNFa, and np-regolation 
of insulin-sensitizing hormone adiponectin, at least in part. 

By contrast, as ehown in the Fig. 7, panel 5, moderate reduc- 
tloa of PPARy activity observed in untreated heterosygous 
PTARr^efident mice decreases TO content in WAT, skeletal 
muscle, and. liv«r. This efiEect is due to a combination of in- 
creased leptin expression by antagonidm of PPARy-mediated 
suppression of the gene, thereby reducing expression of lipo- 
genic enzymes, and consequent activation of PPAKa paAway 
in liverj BAT, and skeletal Skttsde, leading to an iacreaae in 
expression of UC:P2 and enzymes involved in jS^oxidation. 
These observations fit well with the recently demonstrated 
effects of PPARot agonists on insuUn resistance (3S) and de- 
creased fatty add combustion in PPARo-defioient mice (84). 
Moreover, dhrect antagonism of PPARy to reduce Upogenssis in 
WAT prevents adipocyte hypertrophy under the HF diet, 
thereby redudng the molecules causing insulin resistance, 
Buch as FFA and TtTPa^ and up-regulating the insulin- Bensi- 
tiaing hormone adiponectin, at least In part. These alterations 
lead to prevention against HF diet-induced obesity and insulin 
resistance. The data showing that moderate reduction of 
PPARy activity resulted ia lncrsa8<5d inQiilin B^'ssA^Tity were 
further confirmed by the obserration that treatment of het- 
erosygous PPARywdefident miee with a low dose of TZD caused 
the re-emergence of Inaulin resistance (9); 

This study has thua revealed the mechanisms whereby both 
PPARy agonist and hetezoaygoufi PPARy defidency have a 
similar e^&ct on insulin sensilavity. However, it should also be 
noted that PPARy agonist and heterQ2ygaua FPAHy deficiency 
have an opposite effect on adiposity and energy expenditure 
which appear to be more directly regulated by PPARy activity. 

Both Heterozygous PPARy Deficiency and TZD Prevent Adi* 
pocyte Hypertrophy via D^fkrent Mechanisms, T*herehy Finally 
Contributing to Increased Insulin Senaitivify^^ihau^ both 
heterozygous PPAliy defidency and PPARy agonist finally im- 
prove insulin resistance via decreased TO content in musde/ 
liver and prevention of adipocyte hypertrophy, there are some 
important differenced between them. First, although both re- 
duced TG content ia muade/Uver, heteroaygous PPARy defi- 
ciency did so via acti vation of &tty add combustion and energy 
dissipation, whereas TZJ) did so via potent stimulation of adi- 
pcgenesis, thereby increasing fktty add ilttx from musde/liver 
into WAT. Second, both prevented HF diet-indiued adipocyte 
hypertrophy, and TZD markedly increased the. number of 
newly differentiated small adipocytes, whereas heterozygous 
PPARy defidency appeared not to change the total number of 
adipocytes. 

Taken together, all of these difEiarences are consistent with 
the notion that activation of PPARy plays a role in energy 
storage and adiposity, and reduction of PPARy causes raiergy 
dissipation and prevention of adiposity. 

In condusioD, although by different me^^hgnlflmR, both het- 
ero^gous PPARy defidency and PPARy agonist improve insu- 
lin resistance via decreased TO content in musde/liver and 
prevention of adipocyte hypertrophy (Fig. 7). 

Achnowledgjtxent^^We thank 8. Udhida» K KSrii, S. Sakata, and T. 
Nagano for excellent tonhninnl assistsnoe. 
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